The protein common interface database (ProtCID)
INTRODUCTION
Many proteins function as homo-and heterooligomers, but in most cases the size and actual structures of these multimers are not known from direct solution experiments such as analytical ultracentrifugation and Nuclear Magnetic Resonance (NMR). Instead, they are based only on what is observed in X-ray crystal structures, sometimes even a single crystal structure. Both the Protein Data Bank (PDB) (1) and the European Bioinformatics Institute (EBI) (2) provide data on 'biological assemblies' that are derived from protein interactions in single crystals. The PDB's author-defined biological units are based on what authors believe to be the biologically relevant structures, while the Protein Interfaces, Surfaces and Assemblies (PISA) (2) server from the EBI contains predicted oligomeric structures based on chemical thermodynamic calculations of complex stability. In addition, the EBI provides the Protein Quaternary Server (PQS), although this site is no longer updated (3) . The PINS database at Oak Ridge National Laboratory also contains predicted biological assemblies for structures in the PDB, but only those released prior to mid-2007 (4) .
Many online databases have used the PDB, PQS and PISA biological assemblies to examine the interfaces between proteins, including PIBASE (5), PSIMAP/ PSIBASE (6), SNAPPI-DB (7), SCOPPI (8) , PRINT (9) and iPfam (10) . These sites present snapshots of the PDB at the time they were developed, and are not regularly updated. These databases analyze pairwise interactions between chains or between domains as defined by SCOP (11) , CATH (12) or PFAM (13) . Those databases based on SCOP and CATH are likely to be as behind on the PDB as SCOP and CATH are, on the order of 1-2 years. The current version of SCOP (1.75) covers only 38 221 entries or about 56% of the PDB. CATH (v. 3.3) currently contains 53 132 entries from the PDB or 79%. Those databases that use only PDB, PQS and PISA provide search tools but usually no additional information on which interfaces in X-ray crystallographic structures are likely to be biologically relevant.
Several other servers, such as PreBI (14) , NOXClass (15) , IBIS (16) , PITA (17) and DiMoVo (18) also analyze interfaces in PDB entries, and try to predict which interfaces may be biologically relevant. Unlike PISA and PINS, they characterize individual interfaces and do not try to predict assemblies larger than dimers. An important feature of such servers is whether they are able to examine interfaces between monomers in different copies of the asymmetric unit and/or in different unit cells, since biologically relevant interactions may not be in the asymmetric unit itself (19) . For instance, PreBI identifies biological interfaces by analyzing the electrostatic potential, hydrophobicity, the shape and the area of the interfaces, including those between asymmetric units and 26 neighboring unit cells (14) . The NOXClass server uses support vector machines with features such as surface area, amino acid composition and conservation scores to infer biological relevance of interfaces, but only those within the asymmetric units of PDB entries (15) . The Inferred Biomolecular Interaction Server (IBIS) predicts biologically relevant interactions for the chains in individual PDB entries by examining interfaces in the asymmetric units and the biological assemblies [as annotated in PISA or the PDB or the Conserved Domain Database (20) ] of proteins closely related to the query (16) . Even if the shared interface is present in the query crystal, it is not annotated as 'observed' unless it is present in the asymmetric unit of the query. PITA works on PDB entries and uploaded PDB files and uses symmetry operators to find potential biological interfaces within crystals (17) . However, it failed to find interfaces in structures with known oligomeric assemblies that we tried. DiMoVo operates on uploaded PDB files containing dimers and uses solvation and Voronoi tessellation to predict whether the interface is biological or not (18) . It does not build additional unit cells and interfaces have to be uploaded one by one by the user.
We have previously shown that if an interface is present in a number of crystal forms (CFs), especially when the proteins are homologous and not identical, then such interfaces are very likely to be biologically relevant structures (21) . The data we analyzed previously were restricted to single-domain proteins separated into families as defined by SCOP and homologues of these identified with PSI-BLAST. In this article, we exploit this method for providing evidence in favor of the biological relevance of an interface across distant evolutionary relationships, and provide access to aligned structures of homo-and heterodimeric interfaces observed in multiple CFs. Our database is called Protein Common Interface Database (ProtCID).
We first use PFAM (13) to assign 'chain architectures' to each protein sequence in all PDB entries. The term architecture here is used in the same sense in which the PFAM website uses it to denote the ordered PFAM domain assignments along a protein sequence. Each PDB entry then has an 'entry architecture' that comprises the chain architectures in that entry. For each chain architecture observed in the PDB, we find all of the PDB entries and CFs with that chain architecture, and compare all of the homodimeric interfaces in representative entries of the different CFs. We cluster these interfaces based on similarity of pairwise amino acid contacts using average linkage hierarchical clustering. We perform the same kind of analysis on pairs of different chain architectures, comparing and clustering heterodimeric interfaces of single-and multi-domain protein chains. The results are stored in ProtCID.
A query to ProtCID is either a PDB entry code or a protein sequence or sequences. The server returns the chain architecture(s) for the query and asks the user to select one or two of these to search the database. Alternatively a user can browse a list of PFAM families, which will identify all PDB entries with a particular PFAM and their chain and entry architectures. If a single chain architecture is chosen from the query, then the server returns a list of clusters of homodimeric interfaces (and heterodimeric interfaces, if two chains have different sequences but both have the same chain architecture as the query). If the query is a pair of chain architectures, the server returns a list of clusters of heterodimeric interfaces. In both cases, for each cluster the server reports the number of CFs and PDB entries that contain the interface, the number of entries for which the PDB and PISA biological assemblies contain the interface, the average surface area and the minimum sequence identity between homologous chains in the different PDB entries in the cluster. An expandable table for each cluster provides the list of PDB entries, and for each entry the CF, whether the PDB and PISA biological unit contains the interface, the interface surface area, and the name and species of the protein(s) are provided.
ProtCID may be used to achieve a number of goals. First, it may be used to provide evidence in favor of the biological relevance of specific interfaces. Such interfaces are often conserved in different members of a family and may occur in different CFs. ProtCID does not designate specific interfaces as biologically relevant or not. Rather, it provides data on common interfaces (number of CFs, sequence information, PDB and PISA annotations, surface areas, etc.) that may be used to complement biophysical analysis and experimental data. In benchmarking, we found earlier that the more CFs that an interface is observed in, especially for non-identical proteins (<90%) and interfaces over 400 Å 2 , the more likely an interface was to be part of a biologically relevant assembly.
Second, a user may be interested in using a particular PDB entry as a template for comparative modeling or for analysis of existing experimental data. It commonly occurs that an interface shared by many PDB entries in a family is annotated in most but not all of the biological assemblies in the PDB and PISA. It may still be present in the crystals of entries that are missing the annotation. If this is the PDB entry of interest to a user, ProtCID may be used to identify the error and to provide coordinates for the interface from that entry. It may sometimes occur that a protein-protein interaction is not stable under the crystallization conditions used for a particular PDB entry, and a common interface observed in family members related to the query may be of interest.
Third, one of of ProtCID's most useful features is that the user can download coordinate files for each cluster with a single click. We provide a program to produce a PyMOL script for each cluster to load the files, display them as rainbow-colored cartoon representations, and to align them to a common dimer in the cluster. The resulting visual display is highly informative of the variation in the common interfaces within the protein family, and can be used as a basis for further study of the evolution of biologically important protein-protein interactions.
METHODS
ProtCiD is compiled from entries in the PDB using the PDBML (XML) formatted files (22) . From these files we obtain coordinates, crystallographic symmetry, and the biological assemblies defined by the authors of each structure (if available) in terms of symmetry operators and asym_ids. Since SCOP and CATH are 1-2 years behind on the PDB, we annotate each sequence in the PDB with its PFAM domains. We obtain PFAM domain assignments to sequences in the PDB from the PFAM website (13) . Because the PFAM website does not update its assignments to the PDB frequently, we use PFAM's RESTful web service to assign PFAMs to entries missing from PFAM itself.
We require sequence alignments of homologous chains from different PDB entries. We use the data from our PISCES database (23, 24) as well as the structure alignment program FATCAT (23) . PISCES contains PSI-BLAST (24) sequence alignments for all PDB chain pairs with E-values better than 0.001 [based on profiles constructed from NCBI's non-redundant sequence database (25) ] and structure alignments using combinatorial extension (CE) (26) for those PSI-BLAST detected homologues with sequence identity <50% or alignment coverage <80% of the shorter sequence. FATCAT allows flexibility between protein domains so that two homologous multi-domain proteins may be aligned, even if the domains have somewhat different orientations in the two structures. If both CE and FATCAT alignments are available, we choose the alignment with higher score calculated by summing the BLOSUM62 (27) substitution matrix scores over the aligned pairs.
Biological units from the PDB are generated from information given in the PDB XML files, while PISA assemblies are generated from the XML descriptions from the PISA website. The PDB's XML files contain biological assemblies from the authors and in many cases from PISA and PQS. At our suggestion, the PDB now indicates the source of its biological assemblies--whether these are from the authors or from PISA or PQS. In some cases, the PISA website does not have a predicted assembly. Although the PDB's XML file does contain a prediction from PISA (from running the software locally at the PDB). In those cases, we take the PISA assembly from the PDB file. About 4% of PDB structures do not contain an author-approved biological assembly, and in these cases we use the software-generated assembly given in the PDB XML file that is from PISA or PQS.
For each PDB entry, there are two levels of PFAM architectures: chain architecture and entry architecture. A 'chain architecture' denotes the PFAM domains in a protein chain with each PFAM in parentheses and multiple PFAMs concatenated by'_' in the order of their starting locations. For instance, PDB entry 1E9H contains the sequence of cyclin A3, which has the chain architecture '(cyclin_N)_(cyclin_C)'. Chains in a single entry with the same protein sequence (and same entity_id in the PDB XML file) are only represented once. An 'entry architecture' is composed of the PFAM architectures of all unique sequences in a PDB entry, sorted in alphabetical order and separated by semi-colons. For instance, the PFAM entry architecture of PDB entry 1E9H is
To analyze homo-and heterodimeric interfaces, we create groups of PDB entries that contain particular chain architectures or pairs of chain architectures. First, we define a group for each unique chain architecture found in one or more PDB entries. All PDB entries that contain a particular chain architecture are added to that group. Entries that contain more than one chain architecture thus will appear in multiple groups. These groups are used for analyzing homodimeric interfaces and some heterodimeric interfaces, those where both sequences are of the same chain architecture. For instance, there is a group' (Cyclin_N)_(Cyclin_C)' that contains 82 PDB entries. Some of these entries have other proteins as well (such as Pkinase proteins) but they all share the chain architecture '(Cyclin_N)_(Cyclin_C)'. Second, there is a group for each pair of chain architectures that occur together in at least one PDB entry. So there is a group '(Cyclin_N)_(Cyclin_C);(Pkinase)' containing 73 PDB entries that have these two proteins
We divide each group into CFs, which are subsets of entries in the group with the same entry architectures, space group, the same asymmetric unit and similar crystal cell dimensions and angles (1%). Additionally we merged some CFs with the same entry architecture but different space groups or crystal cell dimensions or angles (>1%), if they contained highly similar interfaces, using a procedure described in our earlier work (21). We did not merge any CFs if the proteins had sequence identity less than 70%. We used the entry in each CF with the best X-ray resolution as the representative entry of the CF to compare interfaces between CFs.
We build crystals from the asymmetric unit and space group defined in PDB XML files as described earlier (21) . Protein-protein interactions are identified and analyzed from the crystals, and defined on the level of chains. Two chains are considered to be interacting if and only if they have at least 10 pairs of Cb atoms (Ca for Gly) with distance 12Å and at least one atomic contact 5Å .
A 'common interface' indicates that a similar chainchain interaction pattern occurs in at least two CFs. The similarity of interface pairs was calculated by the Q function described by Xu et al. (21) , which is equal to a weighted count of the common contacting residue pairs in two interfaces divided by the total number of unique pairs. A value of Q of 1 means all contacts in one interface exist in the other and at identical distances and vice versa. A value of Q of 0 means there are no common contacts. We have found that a value of Q of 0.2 or higher usually indicates a common interface and common orientations of the two monomers. We cluster interfaces of representative entries with surface area >200 Å 2 using a hierarchical average linkage clustering algorithm (28) . In this method, each interface is initialized to be a cluster. At each step, the two clusters with the highest average Q-score are merged, as long as Q avg 0:20, where Q avg is the average Q-score between two clusters:
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RESULTS

Summary statistics of the ProtCiD database
There are a total of 6067 PFAM (v24.0) families represented in protein sequences in the PDB. These exist in single and multi-domain proteins to form 7463 different chain architectures with known structure. The available data are summarized in Table 1 . We construct overlapping 'groups' of PDB entries based on individual chain architectures or pairs of chain architectures to investigate interfaces in homo-and heterodimers, respectively. In this way, there are 7463 groups with a single architecture and 5768 pair architectures for a total of 13 231 PFAM architecture groups. There are a total of 3224 PFAM architecture groups with common interfaces ('clusters') in more than one CF, comprising 39 871 distinct PDB entries and 11 402 clusters. A total of 11% of these (1223 clusters) contain heterodimeric interfaces showing the interactions between different PFAM architectures. Figure 1 shows the overview of PFAM architecture groups and CFs in the database. The number of CFs in a group ranges from 1 to 591 [the antibody group (V-Set)_(C1-set)] and 50% of groups have two or three CFs (Figure 1 top) . In this study, we do not analyze the groups that contain only V-set and C1-set. A total of 133 groups contain at least one common interface that exists in all of 10 or more distinct CFs (Figure 1  bottom) .
Searching ProtCID
An example of a web search of ProtCID is presented in Figure 2 . There are three types of queries: (i) a PDB ID; (ii) a PFAM ID or accession code; and (iii) one or two protein sequences. A PDB ID query, such as 1M54 as shown in Figure 2 (top), a crystal structure of cystathionine b-synthase (29), will return a list of PFAM chain architectures present in that PDB, in this case simply '(PALP)' for pyridoxal-phosphate dependent enzymes (Figure 2 , just below the first arrow). A user can select this PFAM chain architecture using the checkbox, and the server will return the interface clusters and the details about each cluster for the architecture (Figure 2 , just below the second arrow). The (PALP) group consists of 128 PDB entries in 52 different CFs. The first cluster of interfaces occurs in 37 CFs, or 71% of 52 CFs for the chain architecture (PALP), and 109 PDB entries. This interface occurs in the asymmetric units of only 42 of these 109 entries (39%), demonstrating the need for investigating interfaces induced by symmetry relationships in a crystal. Clicking on the cluster number in the second column downloads a gzipped tar file with the coordinates of every dimer in the cluster. ProtCID provides a perl script for creating a structure superposition in Pymol (Delano,W.L., http://pymol.org) from the files in a folder containing the PDB files with the dimer interfaces. The script is available from the Help menu. The results of running the script are shown in Figure 3A . This dimer is well annotated with the interface observed in 103 and 105 of the PDB and PISA biological assemblies, respectively. Notably a search of the IBIS site at NCBI using 1M54 as a query provides the same dimer interface shown in Figure 3A but deems the entry a 'singleton' and does not show any of the interfaces in the 25 different but related proteins shown in Figure 3A . The reason for this is that IBIS has a relatively conservative cutoff for sequence identity with respect to the query of 50% for homodimers and 30% for heterodimers. IBIS does show this dimer for almost all of the other entries in this family. PISA can be used to find similar interfaces in homologues in the PDB but a search with 1M54 took several hours to complete, and PISA does not provide information on CFs.
A second large cluster for (PALP) is listed in the screenshot of ProtCID in Figure 2 , which exists in 13 CFs and 17 PDB entries. It is present in the asymmetric units of only 7 of these 17 entries. These structures do not overlap with the set in Cluster 1 for (PALP) and form a different branch on a phylogenetic tree as shown in Figure 4 . The PDB and PISA have 11 and 13 of these interfaces in their biological assemblies for these entries, respectively. Both miss this interface for the human and rat L-serine dehydratases in three different CFs. A superposition of these dimers is shown in Figure 3B . An IBIS search with M is the number of CFs that contain a common interface.
PDB entry 3HMK in this cluster provides 5 of the 15 PDB entries (and 3 of 7 genes) shown by ProtCID. We previously analyzed single-domain proteins as defined by SCOP (11), but these results were limited to that portion of the PDB covered by SCOP and proteins related to SCOP-defined domains as calculated by PSI-BLAST (21) . By using PFAM to identify multi-domain proteins, instead of SCOP, we are able to classify the domains in 98% of PDB entries and 98% of sequences in the PDB. In order to achieve this coverage, we used PFAM's RestFUL web service (13) , since PFAM itself is several months behind on the PDB. While in general SCOP is able to identify more remote relationships than PFAM, we are interested in common interfaces related by evolution. At longer evolutionary distances, some interfaces are not conserved (30) and so we do not necessarily require the identification of the most remote relationships.
Of the 83 539 (redundant) entity sequences in the PDB, 26% of them contain multiple PFAM domains. ProtCID can be searched (or browsed) by PFAM families and thus multi-domain proteins that share a particular domain can be readily identified. If we select one of the entries that has a chain architecture (Trypsin)_(PDZ), we find a cluster of homodimeric interfaces that occurs in all seven CFs and 14 entries for this architecture. A superposition of these dimers is shown in Figure 5 . ProtCID shows that these proteins are annotated mostly as trimers in the PDB and PISA, and the interfaces in the figure are in fact the trimer interface. In the PDB, two of these entries are annotated as monomers. One of these, the structure of human HtrA2 serine protease, a mitochondrial protein involved in apoptosis (31), is described as a trimer in the published paper (32) , while the biological assembly in the PDB (PDB entry 1LCY) was deposited as a monomer. This is an example where the author-deposited biological assemblies in the PDB do not necessarily coincide with what the authors themselves may view as the biologically relevant structure. The reasons for this are not clear but the phenomenon is not uncommon in our experience. ProtCID is valuable in checking whether a PDB entry of interest contains a biologically relevant interface present in many CFs of related proteins but for some reason is missing from the publicly available annotations. In this case, ProtCID provides the relevant interface. The structure of the htrA2 trimer is available from PISA or can be built in PyMol or other programs from the crystal symmetry operators. IBIS does not have this interaction for PDB entry 1LCY because of its conservative sequence identity cutoff.
In some cases, PISA underannotates well-documented biologically relevant interfaces. In the case of another multi-domain protein, with PFAM chain architecture (ATP-gua_PtransN)_(ATP-gua_Ptrans), a single interface is present in 14 of 18 CFs and 18 PDB entries with minimum sequence identity of 49%. This interface is in the asymmetric units of 11 of these 18 entries. A superposition of these dimers is shown in Figure 6 . Of these entries, the PDB's biological units contain this dimer in 14 of 18 entries, while PISA has this dimer in only five cases. Three of the incorrect dimers in the PDB are in a single CF of human creatine kinase B. In their paper (33) , the authors describe the common dimer shown by ProtCID, but the deposited biological assembly for all three (PDB entries 3B6R, 3DRB and 3DRE) is the same as the asymmetric unit for this CF, another example of apparently accidental misannotations in the PDB. IBIS annotates this interface as 'biologically validated' for four PDB entries (3JU5, 3JU6, 3L2D, 1U6R) and as 'putative but not biologically validated' in five more (2GL6, 3L2F, 1QH4 1QK1, 1VRP).
ProtCID is also able to show common interfaces in heterodimers across multiple CFs. A search starting with PDB entry 2GTP (34) reveals that this entry has two sequences, one with PFAM architecture, (RGS), the regulator of G-protein signaling, and one with PFAM (G-alpha), the G-protein a-subunit. Selecting both of these PFAMs produces a list of two common interfaces. The first of these is present in eight PDB entries and all six CFs with a minimum sequence identity of 36%. The second cluster is in only two CFs with 100% sequence identity and is not likely to be biologically relevant. We found previously that identical proteins may form the same interface in different CFs, although this is rare for homologous but not identical proteins. The dimer in all six CFs is shown in Figure 7 . It has a mean surface area of 836 Å 2 . This dimer is annotated in the deposited biological units of all eight PDB entries in these CFs but only one of the PISA assemblies contains this interface. Six of the entries missing the heterodimer in PISA are oddly monomeric, and not heterooligomers at all. One is a heterodimer when it should be a heterotrimer (PDB entry 1FQJ).
IBIS shows this same dimer in all of the eight PDB entries that contain it. IBIS also has results for 2GTP that include many of the interactions for (G-alpha) proteins in ProtCID, including interactions with (RGS_ like), (RhoGEF), (Guanylate_cyc) and (PDE6_gamma). IBIS presents some results for the query 2GTP that ProtCID does not due to the way PFAM divides the AAA superfamily of proteins. In PFAM, (G-alpha) and (Arf) are two families in the AAA clan. Since we do not yet compare chains with different PFAMs even when they are in the same clan, (Arf)-containing proteins are not included in the results for any G-alpha entries. IBIS does include some Arf proteins in the results for 2GTP, including interaction with Pleckstrin homology domains. IBIS also provides an intraprotein interaction between an Arf domain and an ArfGap domain in PDB entry 3LVQ, which ProtCID does not provide, since we do not currently analyze intraprotein domain-domain interfaces.
DISCUSSION
Identifying the structures of biologically relevant proteinprotein interactions whether in homooligomers or between different proteins remains a challenging task. Some interactions are weak or transient and methods designed to identify stable protein-protein interfaces in crystals using physical chemical considerations may not identify these easily. In our earlier work, we showed that these methods also tend to identify some very large surface areas in crystals as biologically relevant even when the proteins are monomeric by all available experimental data (21) .
We provide ProtCID as an alternative and complementary source of information on the biologically relevant interfaces between proteins in X-ray crystal structures. When there is some doubt about an interface, observing the same interface in homologous proteins may provide evolutionary and physical evidence in favor of that interface. As more structures are determined in large protein families, the comparison of CFs may play an important role in suggesting which interfaces are biologically relevant interactions. Identifying such common interfaces is difficult to perform manually for many structures, and therefore ProtCID provides a useful tool. We hope that the common interfaces identified by ProtCID can be used in further studies of the biophysical characteristics and evolutionary conservation of interaction surfaces for specific biological systems.
ProtCID has a number of limitations. First, in cases where there is only one CF for a protein or protein complex, ProtCID will not have any common interfaces to report. This occurs for 36% of the PDB, of which 32% are annotated as multimeric by PISA. Second, it sometimes occurs that similar interfaces are present in more than one CF but are not biologically relevant. This usually occurs when the entries are for identical sequences, for small interfaces less than 400 Å 2 , and usually for only two or three CFs. It may also occur for families with large numbers of structures, where through thorough sampling some interfaces may show high similarity by chance. This happens, for instance, among protein kinases. Third, any such server needs to define such relationships and strike a balance between clustering related proteins without introducing false relationships. We have used PFAM to define protein domains and architectures and therefore the evolutionary relationships among proteins. PFAM breaks up some large superfamilies into a number of families. We have not so far compared interfaces in different PFAMs within these superfamilies or 'clans' as PFAM calls them. Thus some distant evolutionary relationships may be missed in ProtCID. Finally, we compared proteins with the same architectures (either one or two at a time). So, for instance, we would not compare homodimeric interfaces between entries with architecture (Pkinase_Tyr)_(SH2) and those with (Pkinase_Tyr). The reason for this is that while PFAM may identify most proteins that belong to its defined domain families, it often aligns regions shorter than the full domain as observed in the three-dimensional structure. This makes it difficult to compare interfaces in different entries.
ProtCID will be updated monthly in order to keep up with the rapidly expanding size of the PDB. A comparison of interactions on the domain level, instead of the chain level, will be presented later. 
